INTRODUCTION
lows for the evaluation of spatial working and reference memory. A RAM typically has a center area with eight arms radiating outward. Each arm has food sites at the end that are not visible from the central area; four arms have food at the distal end, and the other four arms do not have any. During a trial of the RAM, an animal must acquire food from all four areas of the maze. For each trial, the same configuration is used so that rodents can learn to acquire food from all areas without entering the arms that do not have food at the end. Two types of memories, i.e., working and reference, are assessed during the maze task. Assessment of working memory (WM) involves rodents re-entering previously entered arms during the same trial, whereas that of reference memory (RM) involves rodents entering the nonrewarding arms in each trial. Previous studies using RAMs observed that working and reference memory decreased as the trials progressed in animal studies. 1, 14 Although a RAM is extensively used to evaluate spatial ability, including working and reference memory, it has several restrictions on its adaptation to humans. 1 Tools intended for rats are small so that rats can walk around them, whereas tools for experiments with people must be proportionally larger. A RAM tool for humans must be large, making it difficult to manufacture and manipulate. Therefore, memory in humans is commonly measured by simple neuropsychological assessments using paper-and-pencil tasks. These tasks require participants to carry out imaginary manipulations of geometric objects or figures or otherwise accomplish a visual transformation of the stimuli shown on paper. [15] [16] [17] [18] Animal RAMs assess spatial learning and memory by quantifying the performances of the animals as they navigate and remember paths in the real world. Tools for spatial memory for humans and animals differ from traditional psychometric measures and navigational route-finding measures of spatial ability. In particular, animal tasks require physically moving through the environment, whereas neuropsychological assessments require no such translocations by humans.
To adapt RAM tasks to humans, researchers developed a monitor-based radial arm maze (M-RAM) with a flat monitor. 13, [18] [19] [20] [21] [22] [23] Participants used the monitor to conduct the RAM tasks. These tools led to evaluations of behavioral spatial learning and memory in humans, which found that humans use spatial strategies similar to those of rodents to manipulate RAM tasks. Dependent measures including WM error and RM error decreased as the trials proceeded. However, previous RAM studies for humans used only a flat monitor and did not have sufficient ecological validity related physical movements, including head/body coordination.
In this study, to assess spatial learning and memory in humans to overcome the limitations of neuropsychological assessments and M-RAM programs, we designed a head-mounted display-radial arm maze (HMD-RAM) program in which a RAM tool was operated in virtual reality (VR) with a headmounted display (HMD), which is a video display device. VR platforms provide immersive experiences for humans in threedimensional (3D) worlds using computer-generated environments, 24 and there are numerous research studies on the advantages of VR technologies for spatial ability. [25] [26] [27] [28] [29] To experience the simulated space, participants put on the HMD. When participants move their heads, computer-generated images are translated or rotated as they move in the virtual world. Previous studies suggested that participants experienced significantly more presence, immersion, and simulator sickness using an HMD device, which provides depth perception by employing a stereoscopic view, than when using a flat monitor display. [30] [31] [32] Consequently, we designed an HMD-RAM program with a RAM tool operated in VR with an HMD. The RAM program created in a virtual world had eight arms and four rewards, similar to a standard RAM. The behavioral-dependent measures in this study were WM error, RM error, detection time, travel distance, and participant's head movements and included traditional RAM and new VR-dependent measures. Our specific hypotheses were as follows:
1) The behavioral-dependent measures of humans would decrease as the blocks progressed, similar to the results of previous animal RAM studies. 1, 14 2) Neuropsychological assessments would be associated with current measures of spatial learning and memory.
3) HMDs and flat monitors would have common points in behavioral-and subjective-dependent measures.
STUDy 1 (HMD-RAM)

MATERIALS AND METHODS
Participants
The protocol was approved by the university's Institutional Review Board (IRB) before beginning the recruitment (HYI-14-100-1). Twenty participants (30% female, n=6) were recruited through advertisements placed on the Hanyang University campus. All participants provided their consent (age: M=23.0 years, SD= 2.1) ( Table 1) . No participants reported currently being prescribed any psychiatric medications.
Hardware and software
We created a RAM program in a virtual world using a 3D development platform (Vizard 5.2; WorldViz, Santa Barbara, CA, USA). We used a desktop workstation running Microsoft Windows 7 (Microsoft Corporation, Redmond, WA, USA) and equipped with a high-end graphics card (nVidia GeForce, nVidia, CA, USA). In the HMD-RAM task, the program was implemented with an HMD (Oculus DK2, Oculus VR, Irvine, CA, USA) that collected head movement data with three degrees of freedom (yaw, pitch, and roll) with a 100° field-of-view system and high resolution (960×1,080 pixels per eye). For comfort, adjustable headbands were used to fit the HMD during the experiments. A one-handed joystick (PlayStation navigation controller, Sony, Tokyo, Japan) was also used to navigate the virtual world. A stereo speaker was connected to a computer for auditory feedback in conjunction with the visual stimuli when participants found treasures. All tasks were observed by an experimenter through a 24-inch LED flat monitor that showed the progress of the program.
Radial arm maze program for humans
For this study, we developed a RAM program for humans. The participants navigated a virtual room as a first-person viewer using an HMD and a joystick. For landmark cues, the virtual room had different colored wallpapers, and pieces of furniture (e.g., sofa, table, chair, etc.) were located between paths ( Figure 1 ). Participants could use those landmarks to remember their spatial position and orientation, and their viewpoint was changed according to their head movements.
The RAM had eight paths extending out of a middle area with a reward or nonreward chest at the end of each path. Participants were required to discover the four treasures as quickly as possible. Upon finding a treasure, they received positive auditory feedback. The task had five blocks, and each block was allocated a time of up to 5 min. When the participants found the four treasures or 5 min had elapsed, the block was terminated. The same configuration of the environment of the virtual room and rewarded paths was used for all blocks so that the participants could remember the locations of the treasures as the blocks progressed.
Dependent measures
The main dependent measures in the HMD-RAM task were WM error, RM error, detection time, travel distance, and participant' s head movements. WM error was defined as the number of times a participant discovered a path that he/she had previously entered in the same block, regardless of whether that path was rewarded. RM error was defined as the number of times a participant reentered paths that were not rewarded. Detection time and travel distance were recorded every 1/60 s during each block. To measure the travel distance in the virtual room, we used a virtual distance (quant), 33 which is a distance measure in the virtual world. We also analyzed head movements every 1/60 s, which were collected as head movement data with the HMD during the tasks. All measures were recorded for each block separately.
Neuropsychological assessments and self-reported questionnaires
To validate the program, we conducted memory-related neuropsychological assessments. Participants took the Rey- Experience with a virtual world, N (%) 5 (25) 7 (35) Experience with a joystick, N (%) 15 (75) 13 (65) SD: standard deviation, HMD-RAM: head-mounted display-radial arm maze, M-RAM: monitor-based radial arm maze 
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Osterrieth Complex Figure Test (ROCFT; copying, immediate, and 20-min delayed recall), which measures visuospatial construction and memory. 15, 17 This test assesses immediate and delayed memory by copying a complex picture and then drawing it from memory. ROCFT immediate was conducted to assess the performance of WM. ROCFT delayed was conducted to assess the performance of RM. Participants also did the Seoul Verbal Learning Test (SVLT; three immediate trials of 12 words and 20-min delayed recall trial for the words) of the Samsung Neuropsychological Screening Battery, 34 which tests verbal learning and memory. SVLT immediate was conducted to assess the performance of WM. SVLT delayed was conducted to assess RM performance.
To assess presence, the degree to which the participant feels immersed in the virtual environment, we used the Presence Questionnaire (PQ). 35 The PQ has 33 items and uses a 7-point Likert scale (1=not at all, 7=completely). To assess the degree of simulator sickness, we used the Simulator Sickness Questionnaire (SSQ). 36 The SSQ is a 16-item symptom checklist that uses a 4-point Likert scale (0=not at all, 3=severe). To assess the immersion of the RAM program, we modified the Immersive Experience Questionnaire 37 and the Flow State Scale. 38 Our Immersive Questionnaire (IMQ) had three questions and used an 11-point Likert scale. The questions we modified were as follows: "Did you feel that you and the things were in the same place?" "Did you feel that you got around in the room?" and "My attention was focused entirely on what I was doing. " Because humans can explain their navigation strategies, we asked the participants about their navigation strategy for the RAM task after the completion of all blocks. To verify the navigation strategies, we used the following post-experiment instruction on navigation strategy: "Please describe how you remembered the position of the treasure chest. "
Procedure
This research was conducted in accordance with the appropriate university IRB protocol. Written consent and assent were obtained from the participants upon arrival at the research area. The participants were asked to complete a brief questionnaire to gather data on age, gender, average time of gaming per week, prior virtual world experience, and prior joystick experience. They were given neuropsychological assessments (ROCFT and SVLT). The experimenters described the progress of the task to the participants and assisted them with the HMD head placement. The participants completed a practice block of the RAM task for approximately 5 min, during which they practiced manipulating their viewpoint, using the joystick, and performing head rotations, and understand how they would conduct the task. After the practice block, the participants carried out five main blocks that required finding the four treasures as soon as possible. They rested for approximately 1 min after each block to prevent fatigue effects. Immediately after the completion of all blocks, the participants filled in the PQ, SSQ, IMQ, and Navigation Strategy Questionnaire. They were debriefed regarding the purpose of the study and received a class credit for participation.
RESULTS
WM error, RM error, detection time, travel distance, and head movement
We conducted a repeated measures analysis of variance (ANOVA) to test for differences in dependent measures in block progress (Figure 2 
Relationship between neuropsychological assessments and RAM behavioral measures
Correlation analysis determined whether the previous neuropsychological assessments were related to HMD-RAM performance (Table 2) . We compared four neuropsychological assessment measures (i.e., ROCFT immediate, ROCFT delayed, SVLT immediate, and SVLT delayed) and five behavior-dependent measures for HMD-RAM (i.e., RM error, WM error, detection time, travel distance, and head movement). Several significant relationships between task performance and neuropsychological measures were discovered.
In the correlation analysis, ROCFT immediate was signifi- In the correlation analysis, the performance on SVLT immediate was not significantly correlated with WM error, RM error, detection time, travel distance, or head movement (all ps>0.092). SVLT delayed also showed no significant correla- 
Other effects
To evaluate the potential compounding effects of age, average time of gaming per week, PQ, SSQ, and IMQ, we conducted a correlation analysis with WM error, RM error, detection time, travel distance, and head movement. The SSQ was significantly positively correlated with travel distance [r(20)=0.451, p<0.05). However, no significant differences by age, average time of gaming per week, PQ, or IMQ were observed (all ps>0.521). We conducted independent samples ttests according to prior virtual world experience, and prior joystick experience with five behavioral measures (i.e., WM error, RM error, detection time, travel distance, and head movements). No significant differences were observed for the following components: prior virtual world experience (all ps> 0.479) and prior joystick experience (all ps>0.261).
DISCUSSION
The results of Study 1 were consistent with the hypothesis that behavioral measures in a RAM decrease as the blocks progress. We also found that visuospatial memory was associated with behavioral measures, whereas verbal memory was not. These results were consistent with previous results in rats 1, 14 and meaningful because they indicated that a maze tool for humans had been developed and increased ecological validities. The results suggested that the HMD-RAM could be used to measure visuospatial memory in humans. However, there was another option to employ the RAM for humans. We could, for example, conduct a RAM experiment with a flat monitor instead of an HMD. Therefore, we conducted a second study to compare the HMD and a flat monitor, hypothesizing that HMD and flat monitor devices would have common and different points in behavioral-and subjective-dependent measures.
STUDy 2 (M-RAM) MATERIALS AND METHODS
To address the need for control data for the M-RAM, we modified the display and control devices used in Study 1. In Study 1, the participants conducted the experiments with an HMD and a joystick. In Study 2, they conducted the experiments with a 24-inch flat monitor, a keyboard, and a mouse. The participants rotated their viewpoint using the mouse and translated their position using the arrow keys of the keyboard. To match the tasks between Study 1 and Study 2, we kept the location of treasures, arrival distance/time from the center position to each chest, and number of blocks the same. We also created an equal number of paths that the participants could see at once to match the visual field ranges between the HMD-RAM and M-RAM.
Participants
A new sample of 20 participants (20% female; n=4; age: M= 23.2 years, SD=2.4) was recruited for Study 2. All consented to participate (Table 1) . No participants reported currently being prescribed any psychiatric medications. The design and procedure for Study 2 were identical to those of Study 1 except for the different display and control devices.
RESULTS
WM error, RM error, detection time, and travel distance
A series of 2×5 ANOVA tests were conducted to test for differences in the main dependent measures (WM errors, RM errors, detection time, and travel distance) between the two groups (HMD-RAM and M-RAM) as the five blocks progressed. Participant head movement was not analyzed because the interaction methods were different between the HMD and the flat monitor. We found significant differences in WM er- .264]. However, no significant differences were observed between the two groups (all ps>0.204), and no significant interaction effects were observed for behavioral measures (all ps>0.649).
Presence, simulator sickness, and immersion
We compared the HMD-RAM and the M-RAM groups for level of presence, simulator sickness, and immersion after the experiments. Independent samples t-tests analyzed the differences in these factors for the two task environments ( Table 3 
Differences in strategy
Because humans can report their navigation strategies, we collected data on participants' navigation strategies. The participants reported the following: "I realized that the treasure was located next to the sofa, table, chair, and bed"; "I remembered the classification of the furniture and reward chest because the shape of the road was the same"; "I just discovered the paths by going clockwise"; "I walked along the path in one direction"; etc. In the HMD-RAM group, 15 participants reported that they remembered the environments (Remen), and five participants reported that they did not remember the environments (No-Remen). In the M-RAM group, 10 participants reported that they remembered the environments (Remen), and 10 participants reported that they did not (No-Remen). We also conducted a series of 2 (Remen vs. No-Remen) ×2 (HMD-RAM vs. M-RAM) ANOVA tests to compare the differences according to navigation strategies for dependent measures (WM error, RM error, detection time, and travel distance). The quantitative differences on how the four groups differed in five consecutive blocks are shown in Figure 3 . Significant differences in RM error were found for navigation strategy [F(4, 76)=15.646, p<0.001, η .112). However, significant differences in WM error were not observed (p> 0.420). Additionally, significant interaction effects were not seen for any dependent measures (all ps>0.355). The values are shown as mean (SD). SD: standard deviation, HMD-RAM: head-mounted display-radial arm maze, M-RAM: monitor-based radial arm maze 
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Other differences between the HMD-RAM and the M-RAM groups
To compare the potential differences between the HMD-RAM and M-RAM groups, we conducted independent samples t-tests for age and average time of gaming per week. No significant differences were found for any measures (all ps> 0.108). Chi-square tests were performed to compare the differences in gender, prior virtual world experience, and prior joystick experience. No significant differences were seen for any of these measures (all ps>0.716).
DISCUSSION
We had three initial hypotheses. First, WM and RM error would decrease as the blocks progressed for the HMD-RAM as for an animal RAM, which is consistent with the findings of past research on rats. 1, 14 Second, the neuropsychological assessments would be related to the five dependent measures for the HMD-RAM, and a visuospatial test would be associated with the measures, but a verbal test would not be. Lastly, the measures of the HMD-RAM would have common points behaviorally and subjectively compared to the measures of the M-RAM and behavioral measures, which showed similar characteristics, whereas subjective measures did not.
This research is meaningful because its findings indicate that a maze tool for humans had been developed and increased the ecological validity, which was the limitation of previous studies. 13, [18] [19] [20] [21] [22] [23] We developed a virtual maze task that used head movements and a joystick. In ecological conditions, self-generated movements provide corresponding movements in the optical environment. This information of visual field produces dependent measures, including travel distance and head movement. 39 A kinesthetic connection between the muscles and the vestibular system of the inner ear gives crucial cues about the direction of distance and heading information. 40 The results of this study suggested that the HMD-RAM would be appropriate for measuring spatial learning and memory in humans. It may be a useful tool for early detection of deficits in spatial memory, including aging-related disorders.
Even in animal RAM experiments, assessing the precise value of rat performances in the real world is difficult. Several studies could not measure the exact detection time and travel distance of tasks. 1, 14 However, the VR that is controlled by a computer system can solve this issue. We also could measure the head movements, detection time, and travel distance of humans every 1/60 s during the whole maze task. According to animal-based RAM studies, spatial memory abilities can affect animals differently in the real world. 41, 42 However, previous studies could not verify whether rodents really remembered the environments or not. Our study carried out experiments on humans rather than on animals so that we could measure the participants' strategies. We found that people with better navigation strategies showed smaller RM errors and shorter moving distances and detection time. These results and methods could be extended to spatial learning and memory performances according to individual navigation strategies.
Although the ROCFT and SVLT tests assess WM and RM, 15, 17, 34 only the former test showed a significant correlation with our measures, including RM error, WM error, detection time, and travel distance. Previous studies found that ROCFT measures are linked to visuospatial and organizational skills. 15, 17, 43 Our results showed that the HMD-RAM program was more closely associated with visuospatial conceptualization than with verbal abilities. This observation was supported by a previous study 20 that observed that only the ROCFT had a significant linear correlation with a monitor-based maze task. These results suggest that the HMD-RAM performance for assessing spatial learning and memory may correspond to previous neuropsychological assessments that are related only to visuospatial skills.
An observation of the differences between the HMD-RAM and the M-RAM groups showed that tools for experiencing a virtual world were not important for behavioral measures. Possibly, the finding of no significant behavioral differences might be caused by the very close matching between the HMD-RAM and the M-RAM devices in the current study. We extensively tried to match the view size and time to find treasures. However, the experiments with the HMD evoked greater presence and immersion according to the participants' self-reports than the experiments with the flat monitor. Like in previous VR studies, [30] [31] [32] we saw increases in presence and immersion as the virtual environment technology progressed from the flat monitor to the HMD. VR technologies have been developed over time to enhance the sense of presence or immersion, and our results are in line with those previous VR studies. The simulator sickness score was also higher with the HMD than with the flat monitor, in accordance with previous studies. [30] [31] [32] Simulator sickness may be caused by various elements, including image quality, frame rate, and field-of-view limitations. The travel distance of the current study was positively correlated with simulator sickness, allowing for the assumption that, when increasing the manipulation in a virtual world, nausea, oculomotor inconvenience, and disorientation can increase. A previous study also suggested that more rigorous head and body tracking technologies, 44 like VR motion capture and treadmills, can reduce simulator sickness. We may need to consider those technologies to reduce simulator sickness and increase the ecological validity of the HMD-RAM.
This study had several limitations. First, the power of anal-ysis was restricted because of the small number of participants. The correlation data were not strong (Table 2) , and a larger sample size would have resulted in better statistical data. A second limitation was the gender ratio, as fewer females than males participated in the study. The gender effects of spatial learning and memory should be considered 18, 23 and need to be evaluated in subsequent studies. Third, we conducted only two neuropsychological batteries (ROCFT and SVLT), and, therefore, additional tests are needed on spatial learning and memory. Finally, we need to experimentally investigate elderly participants or patients with hippocampal diseases, including aMCI and AD. This work would be valuable for assessing the spatial learning and memory of patients.
Conclusion
In this study, we suggested a new HMD-RAM program for spatial learning and memory, and measured human subjects' patterns using that measure. The results suggested that the HMD-RAM program may be capable of human measurements of spatial working and reference memory. We hope that these results will contribute to new methods and raise new questions, and to renewed enthusiasm for human spatial learning and memory research. We believe that this work is an important foundation for the early diagnosis of deficits in spatial learning and memory, and we hope that it will help people who have spatial memory handicaps, including aMCI and AD.
